Abstract. The paper presents an algorithm to calculate feasible steady-state conditions of an electrical network. A distinctive feature of the calculation is the consideration of constraints on the temperature of bare conductor and the clearance of a controlled span of overhead line. This consideration is based on forming and solving an equation of conductor heat balance to calculate the conductor temperature depending on the current flowing through the conductor and environmental factors, including the actual values of air pressure and air temperature. The paper presents the results of numerical calculations performed for individual overhead lines and for a test 16-node scheme of electrical network. The results illustrate the algorithm performance and the importance of considering the above constraints.
Introduction
The bulk of present-day algorithms and software designed to calculate steady-state and feasible operating conditions of electrical networks do not consider the actual temperature conditions of overhead lines. Such parameters of conductors as active resistance and conductor sag (or clearance) are frequently determined in these conditions considering only the air temperature, and ignoring the effect of many other environmental factors and current load of conductors [1] .
The overwhelming majority of domestic and foreign software developed to calculate the feasible load flow (except for the one proposed in this paper) does not take into account mechanical parameters of conductors: the sag and length of the conductor (or clearance). This leads to an incorrect estimation of a capability of transmitting additional power along individual conductors and in the spans of the electrical network.
Meanwhile, at the up-to-date level of hardware and software development, mathematical modeling of an electrical network suggests and allows increasing the accuracy of mathematical description of both the parameters of the electrical network components and the means for control of their operation. The issues of modeling overhead lines whose parameters are complex functions of environment state parameters and electrical network operating parameters are very important. As is known, the design of overhead lines involves consideration of a wide spectrum of factors affecting the line parameters, which enables the safety conditions for people and machinery to be met, and the reliability of the overhead line operation to be provided. However, eventually, both the parameters of components and the design conditions vary. This leads to the necessity of monitoring the mechanical parameters of the overhead lines (sag, clearance) [2, 3] that are based on both their real measurements and numeric calculations performed during the intervals between planned measurements.
In this paper, we propose calculating the feasible power flow, considering both electrical (nodal voltage, currents) and geometric (sag, clearance) parameters of lines. This can be done by considering and solving the equations of the conductor heat balance and state, that make it possible to determine the conductor temperature, to specify the value of thermal current rating and to check if the rated sag and clearance values are met. The sag and clearance should be calculated for particular controlled spans, because considering all the spans leads to an excessive increase in the dimensionality of the power flow problem. For example, for a 500-kV overhead line 300 km long with a 500-m span, the number of spans will be about 600. For each overhead line, we suggest considering only the so-called controlled spans, for which it is sensible to monitor the state of clearances, for example, in the sites, where the overhead lines of different voltage levels intersect, or have very long spans, etc. To take into account the controlled spans in the calculation of power flow, it is necessary to additionally specify sag heights and physical-mechanical parameters of conductors. It is also necessary to introduce additional nodes that will split the initial line into sections, whose total length is equal to the line length.
The paper is arranged as follows. Section 1 addresses a general algorithm to calculate power flow in the electrical network, considering environmental factors (air temperature and pressure, wind velocity and direction, solar radiation) that make it possible to determine the temperature of overhead bare conductor. Section 2 briefly describes an algorithm to calculate the conductor temperature, considering environmental factors [4, 5] . Section 3 presents an algorithm to calculate the feasible power flow, considering inequality constraints on the load flow variables [6] . Section 4 discusses an algorithm to calculate the current carrying capacity in lines, considering the sag and clearance constraints in a controlled span [7] . Section 5 provides an analysis of the numerical calculation results obtained with the SDО-7 software for individual overhead lines and for a case study [8] .
An algorithm to calculate feasible power flow in electrical network
The algorithm contains the following stages.
A. Calculate feasible power flow of the electrical network, temperature, sag and clearance in the controlled spans. If the values for the controlled parameters are feasible, the algorithm terminates. Otherwise, we go to step B.
B. Calculate the thermal current ratings at which the conductor temperature corresponds to a standard value and the constraint on the clearance in each controlled span is met. Return to step A and repeat calculations, until the specified accuracy of determining the thermal current ratings is reached.
Let us address each stage of the algorithm in more detail.
Calculation of overhead conductor temperature
Based on algebraic transformations of the heat-balance equation in a quadratic form, given in the standard documentation [9] , we form a sixth degree polynomial for each j i  line [5] :
After (1) 
and forced convection (at
The specified expressions (2), (3) in their explicit form contain the actual environmental factors to be taken into account.
Calculation of feasible power flow
We state and solve the non-linear programming problem of the form [6] 0, 
k is the row number. Solution to problem (4)- (6) contains, in particular, the values of conductor temperature for each controlled line that correspond to the design conditions, i.e. the nodal loads and environmental factors.
Consideration of constraints on the clearance of the controlled span and conductor temperature
After the conductor temperature con T is calculated for each controlled span, we build the conductor state equation [10] of the form
where α is the coefficient of linear thermal expansion for the conductor material, C (7), we find the tension in the conductor material n σ that is used [10] to calculate the length of a big equivalent span eq l and the conductor sag ij f in the controlled span j i  (Fig.1) .
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where
are the heights of the conductor suspension in the controlled span of the overhead line; eq f is a sag of the big equivalent span. The clearance in the controlled span is calculated by the following expression
If the temperature constraints
and/or the clearance constraints
are not met, where con_max T is the maximum allowable conductor temperature assumed equal to 70°С according to [11] ;
is the minimum clearance in the controlled span, we calculate the thermal current ratings of the line, at which constraints (13)- (14) are met.
For this purpose, when condition (13) is not met, we form the equation of conductor heat balance of the form
and by solving (15) we find the value of the thermal current ratings ij_max I for the known temperature value con_max T .
When condition (14) is not met, we use expression (16) to determine the maximum permissible sag ij_p f in the span, at which the clearance condition is met:
Further, from expression (10) for the maximum permissible sag value ij_p f , we find the maximum permissible tension n_p σ , and from the equation of state (7), considering n_p σ , we determine the conductor temperature, at which condition (14) is met. Then, we solve the conductor heat-balance equation (15) to determine the thermal current rating.
Algorithm testing results
The proposed algorithm to calculate feasible power flow was tested both for individual overhead lines with conductors from various manufacturers and for the test 16-node scheme. A. We investigated the effect of the actual air parameters (air pressure and temperature, both considered in the convective heat transfer coefficient in the conductor heat-balance equation (1)), on the overhead conductor parameters (their temperature and resistance per unit length) for the conductor AC-120/27 ( Table 1) .
The calculations allowed for the wind velocity The following notations were used in Table 1 : B. We investigated the effect of considering the constraints on conductor sag (or the clearance) in the controlled span of the overhead line (14) on the calculation results of feasible power flow on the example of a test electrical network. In the power flow calculations, additionally, the air parameters in the convective heat transfer coefficient of the heat balance equations were varied (2) . Table 3 demonstrates the influence of air temperature and pressure on the thermal current ratings calculated for the AC-240/32 conductor of the overhead line in an electrical network. As seen from the Table, the values of conductor thermal current rating differs greatly depending on the (2)), the results of calculations differ by less than 1%, which is within the round-off error of calculation results. Table 5 presents the feasible power flow calculated considering the constraints on temperature (13) and clearance (14) in two controlled spans of the overhead line. 
